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SUMMARY 

Ignition of a nominal- 125 -pound- thrust cold (200° R) gaseous- 
hydrogen - liquid-oxygen rocket combustor with chlorine trifluoride 
(hypergolic with hydrogen) and triethylaluminum (hypergolic with oxygen) 
resulted in consistently smooth starting transients for a wide range of 
combustor operating conditions. The combustor exhaust nozzle discharged 
into air at ambient conditions . 

Each starting transient consisted of the following sequence of 
events: injection of the lead main propellant, injection of the igniter 

chemical, ignition of these two chemicals, injection of the second main 
propellant, ignition of the two main propellants, increase in chamber 
pressure to its terminal value, and cutoff of igniter- chemical flow. 

Smooth ignition was obtained with an ignition delay of less than 
100 milliseconds for the reaction of the lead propellant with the igniter 
chemical using approximately 0-5 cubic inch (0-038 lb) of chlorine tri- 
fluoride or 1.0 cubic inch (0-031 lb) of triethylaluminum. These quan- 
tities of igniter chemical were sufficient to ignite a 20-percent-fuel 
hydrogen-oxygen mixture with a delay time of less than 15 milliseconds. 

Test results indicated that a simple, lightweight chemical ignition 
system for hydrogen- oxygen rocket engines may be possible. 


INTRODUCTION 

Liquid-hydrogen - liquid-oxygen rocket engines are presently under 
development for several fl Lght- vehicle stages and are being considered 
for various future space applications. This nonhypergolic propellant 
combination requires an ignition system, and the many applications con- 
templated for these propellants may result in a variety of environmental 
conditions under which the ignition system must function reliably. 
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The commonly used ignition methods for liquid-propellant engines 
are electric spark ignition and chemical ignition using solid, liquid, 
or gaseous igniter chemicals. Solid pyrotechnic igniters have the dis- 
advantage of necessitating the safe ejection of mechanical parts from 
the engine after ignition. In the current state of development of 
hydrogen- oxygen engines, electric spark ignition systems have performed 
reliably using either flush-mounted plugs or augmentation chambers. The 
augmented spark ignition system provides a large amount of ignition en- 
ergy by burning a small amount of propellants in a special augmentation 
chamber. However, this system introduces the added complications of se- 
quencing and controlling these igniter propellant flows. Chemical igni- 
tion can provide many times as much ignition energy as the electric 
spark in these systems. Excellent starting charactersitics have been 
demonstrated with a chemical ignition system that required only 0.5 
pound of gaseous fluorine to successfully ignite hydrogen-oxygen engines 
with thrusts up to 20,000 pounds (ref. 1). 

Various liquid chemicals have advantages over gaseous chemicals in 
that they make possible a smaller, more compact system. In addition, a 
liquid chemical ignition system has the desirable attributes of simplic- 
ity, reliability, and restart capability, and it can supply a relatively 
large amount of ignition energy continuously during the starting tran- 
sient. An investigation was made of the starting characteristics and 
flow requirements of a nominal-125-pound- thrust cold (200° R) gaseous- 
hydrogen - liquid-oxygen rocket combustor using two liquid igniter chem- 
icals, one (chlorine trifluoride) hypergolic with hydrogen and the other 
( triethylaluminum ) hypergolic with oxygen. The range of test conditions 
included chamber pressures from 140 to 550 pounds per square inch abso- 
lute and propellant mixtures from 9 to 70 percent fuel to cover the 
range of mixtures for both rocket engines and gas generators. 

Typical starting transients for both chemicals are shown by time 
plots of flows and pressures. Starting-transient records were examined 
to determine: (l) the ignition delay time of the reaction between the 
igniter chemical and the lead propellant and (2 ) the delay time of the 
hydrogen- oxygen reaction following injection of the second propellant. 
These delay times are plotted as functions of propellant flow rates, 
propellant mixture, and igniter-chemical flow rate. 


APPARATUS AND TEST PROCEDURE 
Propellant Systems 

A schematic diagram of the propellant systems is shown in figure 1. 
Gaseous hydrogen was supplied from high-pressure storage cylinders 
through a pressure regulator to a cooling coil consisting of 185 feet of 
1- inch-diameter copper tubing. Gaseous -hydrogen flow was measured by 
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two meters: (l) a critical-flow nozzle and (2) a sharp-edged, flat- 

plate orifice machined to ASME specifications. Liquid oxygen of 99.5- 
percent purity was transferred from a storage Dewar tank to the oxygen 
tank and was pressurized with helium. Liquid-oxygen flow was measured 
by a similar ASME orifice. 

The hydrogen coil and flow line to the combustion chamber and the 
oxygen tank and flow line were immersed in liquid nitrogen. Cooling of 
the gaseous hydrogen to liquid-nitrogen temperature was done to simulate 
the hydrogen temperature at ignition of a regeneratively cooled liquid- 
hydrogen engine. Cooling of the liquid-oxygen system kept the oxygen in 
the liquid state and minimized boiloff . 

Measurement of the very small igniter- chemical flows that were used 
required a special igniter-chemical system consisting of two tubing 
coils of known internal volume immersed in ice water and separated by a 
shutoff valve. Liquid chlorine trifluoride or triethylaluminum (puri- 
ties given in table I) was transferred into one coil, and the other was 
pressurized with gaseous nitrogen. The nitrogen supply was then closed 
off and the valve between the coils opened to pressurize the chemical. 

The rate of pressure decrease of this known quantity of nitrogen gas was 
measured during each test to ascertain the flow rate of liquid igniter 
chemical . 

The main-propellant and igniter-chemical flow lines each had a 
purge system that entered downstream of the fire valve. Gaseous nitrogen 
was used to purge the propellant and igniter-chemical flow lines and 
injector after each run. Propellant and igniter-chemical flow rates and 
flow buildup time depended on tank or coil pressure, since simple quick- 
opening fire valves were used. 


Rocket Combustor and Injectors 

The tests were conducted with a thrust chamber designed for a nom- 
inal thrust of 125 pounds at a chamber pressure of 300 pounds per square 
inch. The thrust-chamber configuration, consisting of an injector, com- 
bustion chamber, and exhaust nozzle which were separable units (fig. 2), 
was not changed throughout the program. The exhaust nozzle discharged 
directly into air at ambient conditions. Since the chamber and nozzle 
were uncooled, the duration of each test was limited to approximately 3 
seconds . 

The injector used was a simple showerhead similar to an element of 
one of the 20,000-pound-thrust injectors used in reference 1. One in- 
jector had a separate small-diameter tube extending through one oxidant 
tube for chlorine trifluoride injection (fig. 2). A second injector had 
a triethylaluminum injection tube passing through a special hole drilled 
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in the injector face. The triethylaluminum impinged with the adjacent 
oxygen stream at an angle of 15°. 


Instrumentation and Performance Measurements 

Chamber pressure was measured by a strain- gage transducer and re- 
corded on both a direct-reading oscillograph and a recording potentiom- 
eter. Propellant supply pressures , flowmeter inlet and differential 
pressures , and injector inlet pressures were measured and recorded by 
similar equipment. The probable maximum error of these steady-state 
pressure measurements was ±1 percent. Hydrogen orifice inlet tempera- 
ture and hydrogen and oxygen injector inlet temperatures were measured 
by copper- constantan thermocouples and recorded on the direct-reading 
oscillograph. The maximum error in temperature measurements was ±3 
percent . 

Steady- state hydrogen flow rates computed from the critical- flow 
nozzle and the ASME orifice using standard flow equations agreed within 
±2 percent. Values computed from the critical-flow nozzle had better 
precision and were therefore used for plotting the data. The critical- 
flow nozzle also prevented excessive hydrogen flow during the starting 
transient . 

Liquid-oxygen flow rate was also computed using the standard ori- 
fice flow equation. Liquid-oxygen temperature at the orifice was as- 
sumed constant at 140° R* A cavitating Venturi meter was inserted in 
the oxygen flow line for the triethylaluminum tests to prevent excessive 
oxygen flow during the starting transient. 

Hydrogen and oxygen flow measurements were all made at steady- state 
running conditions after the starting transient , since the instrumenta- 
tion was not accurate for determining instantaneous flow rates during 
the transients. 

Igniter-chemical flow rate was ascertained by two methods. One 
method was to measure the rate of pressure decrease of a known quantity 
of pressurizing gas, assuming ideal isothermal expansion, the rate of 
decrease being proportional to the rate at which the igniter chemical 
was displaced. The rate of pressure decrease was determined from the 
slope, at the time of ignition, of the igniter-chemical coil pressure 
trace on the direct-reading oscillograph record (figs. 3 and 4). The 
second method of igniter-chemical flow measurement was a water cali- 
bration of each capillary injection tube. From this calibration the 
friction factor of the tube was calculated using the pipe head loss 
equation, and a curve of friction factor as a function of Reynolds num- 
ber was plotted for each tube. The pressure drop across the tube at 
ignition was then used to determine the flow rate of each igniter 
chemical. 
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Values of igniter- chemical flow rate obtained by the two methods 
differed by as much as ±0.005 pound per second (tables II and III). 

At the very small flow rates involved, difficulty was encountered In 
determining the slope of the pressure decay curve for the first method 
The second method, based on flow calibration, was probably more accu- 
ate and was therefore used for the data presented herein. 


Experimental Procedure 

The range of test conditions investigated includes chamber pres- 
sures from 140 to 550 pounds per square inch absolute and hydrogen- 
oxygen mixtures from approximately 9 to 70 percent fuel by weight. This 
range of test conditions was chosen to include the range for both rocket 
engines and gas generators. Igniter-chemical flows were varied from 
approximately 0.006 to 0.021 pound per second to investigate a wide 
range of ignition characteristics. 

A gaseous-hydrogen lead varying from 0.5 to 2.0 seconds was used 
for the chlorine trifluoride ignition tests. Chlorine trifluoride was 
then injected, ignition occurred, and liquid oxygen was introduced from 
1.0 to 2.5 seconds later. Chlorine trifluoride flow was cut off approxi- 
mately 1 second after the oxygen injection. No attempt was made to de- 
termine the minimum time required for injection of all three chemicals 
and buildup of full chamber pressure. The termination of the starting 
transient was taken as the time at which steady-state conditions had 
been established. Propellant flows were held constant for a series of 
runs, while igniter-chemical flow was continually reduced to determine 
the effect of this variable on ignition characteristics. 

For the triethylaluminum tests an oxygen lead of approximately 0.5 
second was used. Triethylaluminum was then injected, ignition occurred, 
and hydrogen flow was started approximately 1 second later. 

Ignition delay times were read from the direct-reading oscillograph 
records as shown in figures 3 and 4. Ignition delay time for the reac- 
tion between the igniter chemical and the lead propellant T a was meas- 
ured from the point on the igniter- chemical coil pressure trace where a 
steady slope was established after the fill time (e.g., at 0.72 sec in 
fig. 3) to the point where chamber pressure increased abruptly (at 0.86 
sec in fig. 3) indicating that ignition had occurred. Because of the 
difficulty of determining, by this method, the exact time when igniter 
chemical entered the chamber, the maximum error in the values of T a 

was estimated as ±10 milliseconds. Delay time of the hydrogen-oxygen 
reaction following injection of the second propellant was measured 

from the point where injector inlet temperature of the second propellant 
decreased abruptly (1.86 sec in fig. 3) to the point where chamber pres- 
sure began to increase (1.94 sec in fig. 3). Usually, injector inlet 
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pressure of the second propellant began to increase at approximately the 
same time that injector inlet temperature decreased. However, the tem- 
perature measurement was considered the better indication of the exact 
time when the second propellant entered the injector and was therefore 
used to measure the delay time. Thus, includes the injector cavity 

fill time of the second propellant and the ignition delay associated with 
the hydrogen-oxygen reaction. The maximum error in values of was 

estimated as ±5 milliseconds. 


RESULTS AND DISCUSSION 

Experimental data are presented for 114 starts with chlorine tri- 
fluoride ignition in table II and for 88 starts with triethylaluminum 
ignition in table III. Consistently smooth starting transients (see 
figs. 3 and 4) were obtained with both chlorine trifluoride and tri- 
ethylaluminum ignition over the range of flow rates used. Starting tran- 
sients are analyzed in terms of ignition delay time for the reaction 

between igniter chemical and lead propellant and delay time for the 

hvdrogen-oxygen reaction. Values of and of 100 and 15 milli- 

seconds, respectively, were considered reasonably allowable values for 
rocket-engine starts and were therefore arbitrarily chosen as a basis 
for comparison of the two igniter chemicals. 


Ignition Performance Data 

Igniter-chemical ignit ion delay time . - Figure 5 shows the effect 
of variations in chlorine tri fluoride (C1F 3 ) flow rate on ignition de- 
lay time T a for the reaction of C1F 3 and cold (200° R) gaseous hydrogen. 

Ignition delay times of less than 100 milliseconds were obtained for all 
starts at a chlorine trifluoride flow rate of 0.0187 pound per second or 
higher. At progressively lower C1F 3 flows maximum x a values increased 

sharply, although low ignition delay times were still obtained for some 
runs. In the low chlorine trifluoride flow region, an effect of hydrogen 
flow rate on ignition delay time was observed. The higher values of 
t were obtained at low hydrogen flows. This effect may perhaps be 

attributed to the influence of hydrogen injection velocity on the prep- 
aration of the reactants for ignition by atomization, vaporization, and 
mixing of the chlorine trifluoride. 

As chlorine trifluoride flows were increased above 0.0187 pound per 
second, the maximum ignition delay time T a gradually decreased. At 

high chlorine trifluoride flows the effect of hydrogen flow rate was not 



discernible, because values of T a were small. Very small value:; of 
T a should result if CIF3 flow is increased severalfold. 

Ignition delay time T a for the reaction of triethylaluminum (TEA) 
and oxygen as a function of TEA flow rate is presented in figure f> . Ig- 
nition delay times of less than 100 milliseconds were obtained for all 
starts at a TEA flow of 0.0156 pound per second or higher. At lower TEA 
flows the maximum value of T a increased markedly, although small values 

of i a were obtained for many runs. As TEA flow rates were increased 
above 0.0156 pound per second, maximum values of T a gradually decreased. 

In some tests the oxygen temperature at the injector inlet indicated that 
gaseous oxygen was flowing into the chamber during the ignition delay 
time (fig. 4). In these cases oxygen flow rate 'was too low or lead time 
too short to allow full liquid-oxygen flow to develop before TEA was 
injected. The data obtained showed no apparent effect on T a of changes 
in oxygen flow rate or state. 

Comparison of figures 5 and 6 reveals that maximum values of 

were less for TEA than for CIF3 ignition at equal igniter -chemical we i gh t 
flows over the entire range of flows covered. This fact is probably due 
to the greater energy release of the TEA-oxygen reaction than the C1F--’- 
hydrogen reaction (see table I) and the faster reaction rate of the 
liquid-liquid phase TEA-oxygen reaction than the liquid-gas phase CIF.-- 
hydrogen reaction. 

Delay time of hydrogen -oxygen reaction . - The flame established by 
the reaction of igniter chemical and lead propellant provided the igni- 
tion source for the hydrogen-oxygen reaction following injection of the 
seconu of these propellants. The delay time associated with this 

reaction is plotted as a function of igniter-chemical flow rate and 
hydrogen-oxygen mixture in figures 7 and B. Hydrogen-oxygen mixture is 
expressed as the percent fuel in the mixture at the termination of the 
starting transient and is calculated from steady- state hydrogen and 
oxygen weight flow rates. In addition to the variables shown in figures 
7 and 8, measured values of may also have been influenced by in- 

jector cavity fill time, mixture ratio at ignition, and rate of flow 
buildup of the second propellant injected. 

Delay time following liquid-oxygen injection is plotted as a 

j. unctxon of chlorins triiluoride flow rate in figure 7. Maximum values 
of Tjj decreased steadily as CIFy flow rate was increased for a con- 
stant hydrogen-oxygen mixture . For a given CIF3 flow rate higher values 
of tg were obtained at higher terminal percent fuel in the hydrogen- 
oxygen mixture. 
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Figure 8 shows the effect on of variations in triethylaluminum 

flow rate; delay. time gradually decreased as TEA flow rate was increased. 
In this case the effect on of variations in hydrogen- oxygen mixture 

at a constant TEA flow rate appears small and opposite to the trend for 
CIF3 ignition. This difference is probably due to the change in propel- 
lant scheduling from a hydrogen lead to an oxygen lead. Lower delay 
times were obtained for TEA ignition, probably because of the greater en- 
ergy release provided by the TEA-oxygen reaction and the more rapid dif- 
fusion of gaseous hydrogen throughout the chamber as the second propel- 
lant was injected. For CIF3 ignition, liquid oxygen was the second pro- 
pellant injected, and it required more time to vaporize as well as to 
diffuse throughout the chamber. 

Ignition energy release. - The ignition energies provided by the 
reaction of chlorine trifluoride with hydrogen and triethylaluminum with 
oxygen are given in table I. The energy released by either igniter chem- 
ical is much greater than that available from various spark ignition sys- 
tems. The total quantity of chlorine trifluoride required to initiate a 
chlorine trifluoride - hydrogen reaction with a maximum ignition delay 
of 100 milliseconds was 0.5 cubic inch (0.038 lb). This amount released 
140,000 joules of ignition energy in a 2- second interval. Similarly, ig- 
nition of the triethylaluminum - oxygen reactions that had a maximum 
value of T a of 100 milliseconds required a total quantity of 1.0 cubic 

inch (0.031 lb) of TEA, which released 600,000 joules of energy within 2 
seconds. The energy release in each case was sufficient to ignite a ter- 
minal 20-percent- fuel hydrogen-oxygen mixture with a maximum delay time 
of 15 milliseconds after injection of the second propellant. These 
amounts of energy are greatly in excess of that obtainable from various 
spark ignition systems that furnish ignition energies from 10 to 50 
joules per second. 

The ignition delay times presented herein were obtained essentially 
at atmospheric chamber pressures. The chamber pressure during ignition 
delay time would be expected to be somewhat above atmospheric, be- 

cause of the reaction between lead propellant and igniter chemical. Re- 
duced chamber pressure, such as would occur during high-altitude or space 
starting of a rocket engine, would be expected to increase both ignition 
delay times and t^. The effects of chamber pressure at ignition 

on the delay times were not investigated. 

Operating characteristics . - Generally smooth starting transients 
were obtained with both CIF^ and TEA ignition, even when values of 

were greater than 100 milliseconds. Although it is usually considered 
desirable to minimize ignition delays, probably no engine-damaging ef- 
fects would result from long ignition delays for the reaction of igniter 
chemical and lead propellant, provided that ignition occurred before 
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injection of the second propellant. However , for ignition of the main 
propellants ignition delay should be held to a much lower figure, because 
a combustible mixture accumulates throughout the engine chamber during 
this interval and could produce hard starts. 

After approximately 50 starts with triethylaluminum ignition, some 
aluminum oxide deposits were observed on the combustion-chamber walls, 
exhaust nozzle, and injector face near the TEA injection tube. However, 
no problem of deposit accumulation in lines or plugging of injection 
tubes was encountered. The TEA injection line was purged with gaseous 
nitrogen after each run to prevent this occurrence. After a few runs 
with CIF 3 ignition a light fluoride coating was observed on interior en- 
gine surfaces. No further accumulation occurred during the remainder of 
the CIF 3 runs . 

No freezing of either chemical in the injection lines was 
encountered. 


Chemical Ignition Systems for Flight Engines 

The results of this investigation indicate that a small, compact 
chemical ignition system capable of being developed into a highly reli- 
able component for hydrogen-oxygen engines or gas generators for flight 
vehicles may be possible. Such a system may be in the form of a capsule 
that could be preloaded with a suitable igniter chemical and inserted 
into the engine. The capsule could be a sealed flexible container such 
as a bellows with a pressure or mechanical means for pressurization. 

The capsule could be designed to combine all the necessary components 
into a self-contained unit needing only an initiating impulse or signal 
for completion of its functions. 

The quantities of igniter chemical used in this investigation would 
probably be sufficient to ignite larger engines successfully, if local 
propellant flow conditions were similar. If local propellant flows were 
higher, special low-flow propellant scheduling during starting could be 
used. A severalfold increase in igniter- chemical flow rate would elim- 
inate this complication. 

As engine diameter increases, ignition at a single point becomes 
less suitable, because the time for flame propagation across the chamber 
becomes very long. If the propagation time were long enough to allow 
excess accumulation of combustible propellant mixture in the chamber, 
a detonation that could severely damage the engine might occur. There- 
fore, igniter- chemical injection at two or three points in a large- 
diameter engine might be necessary. 
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While only chlorine trifluoride and triethylaluminum were tested in 
this investigation, other chemicals, such as liquid fluorine or tr im ethyl - 
boron, may have equally satisfactory ignition characteristics and more 
desirable physical properties, such as lower freezing points. 


SUMMARY OF RESULTS 

Starting characteristics of a nominal-125-pound- thrust cold (200° R) 
gaseous-hydrogen - liquid-oxygen rocket combuster were determined using 
chlorine trifluoride and triethylaluminum for ignition. The following 
results were obtained: 

1. Smooth ignition and chamber pressure buildup were attained for 
each igniter chemical over a wide range of operating conditions. 

2. Maximum ignition delay time for the reaction of igniter chemical 
and lead propellant decreased as igniter-chemical flow rate was increased. 
At equal weight flow rates the maximum ignition delay times observed 

for triethylaluminum were less than those for chlorine trifluoride. 

3. Approximately 0.5 cubic inch (0.038 lb) of chlorine trifluoride 
was needed per start to ignite with cold gaseous hydrogen with an igni- 
tion delay of less than 100 milliseconds. Approximately 1.0 cubic inch 
(0.031 lb) of triethylaluminum was required per start to ignite with 
liquid oxygen with an ignition delay of less than 100 milliseconds. 

4. Maximum delay time for the hydrogen- oxygen reaction, measured 
from the time when the second propellant was introduced, decreased as 
igniter- chemical flow rate was increased. At equal igniter weight flows 
the maximum delay times for triethylaluminum ignition were less than 
those for chlorine trifluoride. 

5. Approximately 0.5 cubic inch (0.038 lb) of chlorine trifluoride 
or 1.0 cubic inch (0.031 lb) of triethylaluminum provided sufficient 
energy to ignite a 20-percent- fuel hydrogen-oxygen mixture with a maxi- 
mum delay time of 15 milliseconds. 


Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, December 9, 1960 
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TABLE I. - VARIOUS PHYSICAL AND CHEMICAL PROPERTIES OF CHLORINE 


TRIFLUORIDE AND TRIETHYLALUMINUM 


Property 

Chlorine 

trifluoride 

(a) 

Triethyl aluminum 
(b) 

Formula 

cif 3 

(C 2 H 5 ) 3 A1 

Molecular weight 

92.46 

114.17 

Freezing point, °F 

-105 

-52 

Boiling point, °F 

53 

368 

Liquid density (at 32° F), 

117.5 

53.0 

lb/cu ft 



Liquid viscosity (at 32° 

1.11X10“ 5 

8.72X10" S 

F), (lb)(sec)/sq ft 



Net heat of combustion 


18,352 

(at 25° C), Btu/lb TEA 



Heat of reaction with 

3560 


hydrogen (at 25° C), 
Btu/lb C1F 3 



Composition of commercial 

99+ percent 

83 to 88 percent triethyl- 

material 

cif 3 

aluminum 

3 to 6 percent diethyl- 
aluminum hydride 

3 to 6 percent tributyl- 
aluminum 

0.2 to 1.0 percent diethyl- 
aluminum ethoxide 


^ata from ref. 2. 
^Data from ref. 3. 
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TABLE II. - ENGINE STARTING DATA WITH CHLORINE TRIFLUORIDE IGNITION 
[[inside diam. of injection tube, 0.018 in.J 


Inject Ion- 
tube length, 


I Open GIF, I Open uxy- 
■ valve," ger, valve 


Flow programming 

(a) 

[ Open uxy- [ Starting tran- 
ger, valve,} slent. ends, 



Hydrogen 

Oxygen 

C1F 3 flow 

’low rate, 

r } ow 


1 b/sec 

rate , 
1 b/sec 

1 b/sec 

<*>) 


(0 

0.0749 

0.445 

0.0162 

.0749 

.434 

.01 76 

.0749 

. 444 

.0169 

. 1 001 

. ;:-30 

.0192 

. 1002 

. c.30 

.0164 

.1005 

. 530 

.0177 

.1015 

. :*)3C 

. 01:., 3 

.1017 

. :13c 

.0149 

0.1023 

0.279 

0.0145 

.1017 

.28'. 

.014’. 

C . 0540 

0.503 

0 .0149 

.0536 

. 300 

.0144 

. 053 1 

.308 

.0139 

0 . 0 53 1 

■n 50 q 

0.0135 

. 0535 

.304 

. 0 ] 3 1 

.0536 

.305 

.0127 

0.0518 

0.5] s> 

0.01 7 9 

.0516 

. 515 

.0171 

.04 fid 

. 500 

. 0164 

. 04 Hi 7 

.500 

. 0158 

. 04 ft 7 

. 500 

.01!..: 

0 . 1092 

0.535 

0.0102 

. 1090 

. 524 

.0100 

.1073 

.518 

.00974 

.0999 

.529 

.00950 

0. 1050 

0.266 

0.0112 

.1013 

. 29 j 

.0'.07 

.1081 

.393 

.0103 

. 1077 

. 505 

.00978 

0.0575 

.0570 

0.303 

.500 

1 0.00963 

i .00940 

.0571 

.309 

; .009:2 

.0371 

.306 

1 .00692 

.0574 

.321 

.00872 

.0373 

.306 

! .00860 

C. 1370 


0.01H6 

.1370 


. 0 1 80 

.1374 

0 . :>62 

! 0203 

.1301 

.569 

.01 97 

. 1378 

. 56 5 

.0190 

. InOS 

.624 

.0193 

.1502 
. 1 l.i 73 

.656 

i .0193 

! .0161 

. 1 i a 

.779 

.0158 

0. '.460 

0.612 

0.0190 

. '.4 75 


. 0202 

0. 1396 


0 . 0207 

0.1274 

0.810 

0 .0211 

0.1263 

0. 765 

0.0204 

.1234 

. 768 

.0199 

.1266 

.741 

.0192 

. i2sa 

. 721 

.0186 

. 1279 

. 741 

.0161 

0.1335 

0.362 

0.0200 

.1334 

.420 

.0195 

.1339 

.420 

.0196 

.153 a 

.420 

.0182 

. 1333 

.425 

.0179 

. 3336 

.264 

.0200 

.1304 

.286 

.0196 

.1339 

.307 

.0189 

.1387 

.32i 

.0185 

. 1385 
.1378 

.34 8 
.325 

.0178 
.01 74 

.1311 

.330 

.0170 

.1565 

. 3.39 

.0164 

.1310 

.325 

.0161 


Chamber 
j pressure 
I after 
i starting 

! ' transient , 
lb/sq in, 
abs 




Based on hydrogen valve opening at zero time. 

Data computed from critical -flow-nozzle measurements. 
Data computed from water calibration of injection tube. 
Data computed from slope of pressurizing gas record. 

Se£ figs. 3 and 4 . 




14 


TABLE II. 


Concluded. ENGINE STARTING DATA WITH CHLORINE TRIFLUORIDE IGNITION 
[Inside diam. of Injection tube, 0.018 In.) 


Injection- 
tube length. 
In, 

Flow programming 
(a) 

Hydrogen 
flow rate, 
Ib/sec 

il?3 

Oxygen 
flow 
rate , 
1 b/s e c 

ClF a flow 
rate. 
Lb/sec 

M 

C1F 3 flow 
rate, 
lb/sec 

(tp 

Chamber 
pressure 
after 
start! ng 
transient , 
Ib/sq in. 
abs 

Percent 
fuel 
after 
starting 
trans ! rr; t 

Ignition 
de 1 ay 
1 1 me , 

mil 1 isec 

(e'l 

Delay 
r, ime , 

T b » 

mill l3ec 

Open CIF^ 
valve/' 
sec 

Open oxy- 
gen valve, 
sec 

Starting tran- 
sient ends, 
sec 

6 

0.60 

2.00 

2.50 

0.1397 

0.202 

0.0176 

0.019S 

216 

40.6 

34 

7 





.1336 

.203 

.0171 

.0218 

220 

39.7 

42 

0 





.1367 

.231 

.0166 

.0118 

224 

37,o 

30 

32 





.1385 

.203 

.0162 

.0126 

230 

40.5 

?] 

0 


0.80 

2.00 

2.60 

0.1338 

0.128 

0.0176 

0.0144 

143 

51.1 

41 

140 





.1334 

.094 9 

.0174 


146 

36.4 

3 5 

7 





.1363 

.172 

.0170 

.0210 

14b 

44 .2 

1-. 






.1382 

. 126 

.0164 


151 

51.9 


12 





.1360 

. 126 

.0160 

.0143 

138 

5: . 5 

20 

0 

IB 

0.70 

1.90 

2.30 

0.1390 

0.560 

0.0125 

0.0116 

452 

19.7 

11 

0 





.1351 

.560 

.0122 

.00997 

461 

19.4 

2u7 

o2 





.1315 

. 560 

.0106 

.00890 

470 

19.0 

3 6 

0 





. 1290 

. 560 

.0106 

.0131 

4 70 

18, 7 

20 

0 





.1314 

. 564 

.0104 

.00969 

4 70 

16.9 

234 

0 





. 13 J 4 

. 568 

.0101 

.0112 

465 

18.0 

lol 

0 



1.80 

2.20 

0. 1313 

0.423 

0.00996 


408 

23.7 

257 

60 





. 1323 

.413 

.00983 

0.0119 

401 

24.3 

105 

0 


0.65 

1.85 

2.1b 

0.1309 

0.750 

0.0107 

0.0111 

553 

14.9 

16 

56 





.1346 

.746 

.0105 

,0114 

542 

15.3 

36 

62 





.1327 

. 739 

.0103 

.00749 

552 

15.2 

129 

60 





.1310 

.726 

.0101 

.00519 

543 

1 5 . 3 

163 

4 





.1264 

.743 

.00996 

.00927 

543 

14. 7 

214 

4 




2.20 

0.1363 

0.413 

0.00948 

0.00944 

406 

24 . 8 

127 

73 





.1344 

.418 

.00926 

.00411 

397 

24.3 

242 

59 





.1344 

.395 

.00913 

.0144 

411 

25.4 

1 H 

41 





. 1369 

.4 17 

.00898 


395 

24 . 7 

27 

48 





r . 1368 

.311 

.00688 

.00706 

336 

30 . 6 

143 

?2 


0.55 

1.80 

2.20 

0.1314 

0.304 

0.0103 

0.0108 

341 

30.2 

24 

130 





. 1151 

.304 

.0101 

. 00699 

338 

27.4 

22 

83 





.1191 

.311 

.00967 

.00664 

338 

27 . 7 

17 

0 



1.70 

2.15 

0.1115 

0. 198 

0.00963 

C. 00436 

247 

36.0 

181 

15b 





. 1361 

.167 

.00952 

.00795 

252 

44.9 

136 

10 



1.80 

2.30 

0.1127 

0.0992 

0.00933 


162 

53.2 

25 

20 





.1305 

.0573 

.00917 

0.00632 

182 

09.5 

202 

308 





.1353 

.118 

.00905 


190 

53 . 4 

254 

320 





. 1299 

. 118 

.00887 


1 90 

52.4 

310 

268 





.1203 

.140 

.00880 


183 

46.2 

175 

272 

6 

2.00 

4.00 

4.50 

0.1007 



0.0172 

0.0192 

350 


122 

6 





.1001 

— 

.0159 

.0111 

357 

— 

37 

0 

is 

1.50 

4 .00 

4.60 

0 . 1090 

0.293 

0.00946 


287 

27.1 

__ _ 

12m 





.0521 

.489 

.00740 

C. 00796 

240 

9.6 


22 





.0523 

. 503 

.00713 


25C 

9.4 

__ 

3 





.0517 

. 504 

.00702 


253 

9.3 


86 





.0517 

.498 

.00682 


256 

9.4 

__ 

27 





.0517 

. oQ4 

.00663 


253 

9.3 

— 

92 


0.60 

1 .80 

2.30 

0.1418 

0.410 

0.0118 


395 

25.7 

121 

1 10 




2.10 

0.1381 

0.560 



458 

19.6 

254 

0 


a Based on hydrogen valve opening at zero time. 
b Data computed from crl tlcal-f low-nozzle measurements. 
c Data computed from water calibration of Injection tube. 
d Data computed from slope of pressurizing gas record. 
e See figs. 3 and 4. 
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Based on oxygen valve opening at zero time. 

‘Data computed from crltical-f low-nozzle measurements. 
Data computed from water calibration of injection tube. 
l Data computed from slope of pressurizing gas record. 

See figs . 3 and 4 . 
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L Q 



Figure 3. - Typical starting transient with chlorine trifluoride ignition. 




Chlorine trifluoride flow rate, lb/sec 


Figure 5. - Ignition delay time of reaction of chlorine trifluoride and 
hydrogen as function of chlorine trifluoride flow rate. 






Oxygen flow rate 


22 



Figure 6. - Ignition delay time of reaction of oxygen and triethylaluminum as function 
of triethylaluminum flow rate. 




Terminal percent fuel by weight 



Figure 7. - Delay time of hydrogen-oxygen reaction as function of chlorine trifluoride 
flow rate and percent fuel in hydrogen-oxygen mixture. 
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